Th e lower South Platte River basin of Colorado and Nebraska is an area of intense agriculture supported by surface-water diversions from the river and ground-water pumping from a valley-fi ll alluvial aquifer. Two well networks consisting of 45 wells installed in the South Platte alluvial aquifer were sampled in the early 1990s and again in the early 2000s to examine neardecadal ground-water quality changes in irrigated agricultural areas. Ground-water age generally increases and dissolvedoxygen content decreases with distance along fl ow paths and with depth below the water table, and denitrifi cation is an important natural mitigation mechanism for nitrate in downgradient areas. Ground-water travel time from upland areas to the river ranges from 12 to 31 yr on the basis of apparent ground-water ages. Ground-water nitrate concentrations for agricultural land-use wells increased signifi cantly for oxidized samples over the decade, and nitrogen isotope ratios for oxidized samples indicate synthetic fertilizer as the predominant nitrate source. Ground-water concentrations of atrazine, DEA, and prometon decreased signifi cantly. Th e decrease in pesticide concentrations and a signifi cant increase in the ratio of DEA to atrazine suggest decreases in pesticide concentrations are likely caused by local decreases in application rates and/or degradation processes and that atrazine degradation is promoted by oxidizing conditions. Th e diff erence between results for oxidizing and nitrate-reducing conditions indicates redox state is an important variable to consider when evaluating ground-water quality trends for redox-sensitive constituents such as nitrate and pesticides in the South Platte alluvial aquifer.
Th e lower South Platte River basin of Colorado and Nebraska is an area of intense agriculture supported by surface-water diversions from the river and ground-water pumping from a valley-fi ll alluvial aquifer. Two well networks consisting of 45 wells installed in the South Platte alluvial aquifer were sampled in the early 1990s and again in the early 2000s to examine neardecadal ground-water quality changes in irrigated agricultural areas. Ground-water age generally increases and dissolvedoxygen content decreases with distance along fl ow paths and with depth below the water table, and denitrifi cation is an important natural mitigation mechanism for nitrate in downgradient areas. Ground-water travel time from upland areas to the river ranges from 12 to 31 yr on the basis of apparent ground-water ages. Ground-water nitrate concentrations for agricultural land-use wells increased signifi cantly for oxidized samples over the decade, and nitrogen isotope ratios for oxidized samples indicate synthetic fertilizer as the predominant nitrate source. Ground-water concentrations of atrazine, DEA, and prometon decreased signifi cantly. Th e decrease in pesticide concentrations and a signifi cant increase in the ratio of DEA to atrazine suggest decreases in pesticide concentrations are likely caused by local decreases in application rates and/or degradation processes and that atrazine degradation is promoted by oxidizing conditions. Th e diff erence between results for oxidizing and nitrate-reducing conditions indicates redox state is an important variable to consider when evaluating ground-water quality trends for redox-sensitive constituents such as nitrate and pesticides in the South Platte alluvial aquifer.
Near-Decadal Changes in Nitrate and Pesticide Concentrations in the South Platte River Alluvial Aquifer, 1993 Aquifer, -2004 Suzanne S. Paschke,* Keelin R. Schaff rath, and Shana L. Mashburn USGS N itrate and pesticides are frequently detected in ground water beneath irrigated agricultural areas where chemical and manure fertilizers and pesticides are applied to promote crop production. Th e lower South Platte River valley of eastern Colorado and western Nebraska is an important agricultural area of the United States encompassing approximately 3640 km 2 of irrigated agriculture (Bruce and McMahon, 1998) . Water for irrigated agriculture along the lower South Platte River is provided by numerous ditches and diversions that route surface water from the river to agricultural areas and by irrigation wells pumping from an extensive and productive unconfi ned alluvial aquifer along the present-day and prehistoric channels of the South Platte River (Bjorklund and Brown, 1957; Smith et al., 1964) . Th e South Platte alluvial aquifer is vulnerable to the eff ects of agricultural practices (Rupert, 2003; Caplacha et al., 2004) because of its general lack of surfi cial confi ning layers, shallow water table, and high hydraulic conductivity on the order of 100 m per day in some areas (Andy Moore, Colorado Water Conservation Board, unpublished data, 2006) . Earlier studies noted the presence of nitrate (nitrite plus nitrate as nitrogen, NO 2 +NO 3 -N) and pesticides in ground water of the South Platte alluvial aquifer (Dennehy et al., 1995; McMahon and Böhlke, 1996; Bruce and McMahon, 1998) . No previous studies, however, examined the long-term temporal trends of nitrate and pesticides in the South Platte alluvial aquifer. Th is paper examines changes in nitrate and pesticide concentrations observed in the South Platte alluvial aquifer from 1993 to 2004.
Background
Chemical and animal manure fertilizers associated with agriculture are the primary sources of nitrogen input to the environment (Puckett, 1994) . Nitrate is a noted chemical contaminant in aquifers nationwide (Spalding and Exner, 1993) , and ground water in agricultural areas is more likely aff ected by nitrate than ground water in urban, forest, or rangeland areas (Mueller et al., 1995) . Nitrate concentrations greater than 2 mg L −1 are generally considered aff ected by an anthropogenic source (Mueller and Helsel, 1996) , and the U.S. Environmental Protection Agency (USEPA) has established a Maximum Contaminant Level (MCL) of 10 mg L −1 for nitrate (USEPA, 1994) . Th e widespread use of pesticides over the past several decades has led to their frequent detection in the environment including ground water (Barbash and Resek, 1996; Barbash et al., 1999) . Nationwide, the herbicides atrazine and its degradate desethylatrazine (DEA, also known as 2-chloro-4-isopropylamino-6-amino-s-triazine or CIAT), metolachlor, prometon, and simazine were the most frequently detected pesticides in shallow ground water, and these most frequently detected herbicides were most often associated with agricultural or urban land use (Gilliom et al., 2006) .
Th e occurrence of nitrate and pesticides in ground water of the South Platte River basin was initially documented by Schuff (1992) and Dennehy et al. (1995) . Schuff (1992) related fertilizer application to nitrate concentrations and observed pesticide detections in Weld County, Colorado. Dennehy et al. (1995) compiled data from 1980 through 1992 and found nitrate concentrations above the 10 mg L −1 MCL for 46 of 107 groundwater wells and 2 of 54 surface-water sites. Dennehy et al. (1995) also reported that pesticide detections in ground water and surface water were associated with agricultural land use.
Th e South Platte River basin was one of the 51 study units selected for surface-water and ground-water quality studies in 1991 as part of the U.S. Geological Survey National WaterQuality Assessment (NAWQA) Program (see more detailed description of the NAWQA program in Rosen et al., 2008) . Two NAWQA ground-water studies were implemented in the South Platte River Basin to evaluate alluvial-aquifer groundwater quality-an agricultural land-use study and a fl ow-path study. A 30-well agricultural land-use network installed in the South Platte alluvial aquifer between Brighton, CO and North Platte, NE ( Fig. 1 ) was sampled in 1994 to monitor groundwater quality in areas dominated by a single crop type (irrigated corn) and a single hydrogeologic setting (unconfi ned alluvial aquifer) at a regional scale (Bruce and McMahon, 1998) . Nitrate was detected in most of the agricultural land-use wells and concentrations exceeded the 10 mg L −1 MCL in 14 of the 30 wells (Bruce and McMahon, 1998) . Pesticides were detected in 29 of the 30 sampled wells, and the most frequently detected pesticides were atrazine, atrazine degradate DEA, prometon, metolachlor, and simazine (Bruce and McMahon, 1998) . In 1993, samples were collected from a 15-well fl ow-path monitoring network near Greeley, CO as part of a localized fl owpath study (Fig. 2) (McMahon and Böhlke, 1996) . McMahon and Böhlke (1996) also found elevated nitrate concentrations in the alluvial aquifer and demonstrated that denitrifi cation was responsible for a decrease in nitrate ground-water load to the South Platte River in this area. Pesticides were detected in all of the 15 fl ow-path wells sampled in 1993.
Th e two initial NAWQA ground-water studies of the South Platte alluvial aquifer (McMahon and Böhlke, 1996; Bruce and McMahon, 1998) provided the initial data and impetus to monitor trends of nitrate and pesticide concentrations in the South Platte alluvial aquifer. Th e agricultural land-use and fl ow-path monitoring networks were revisited in 2002 and 2004, respectively, to evaluate temporal trends in ground-water quality over a neardecadal time span. Th is article presents results from the resampling eff orts and compares water-quality results from the sampling that occurred in 2002 to 2004 to results from the 1993 to 1994 studies.
Setting
Th e main stem of the South Platte River originates in the Rocky Mountain Front Range of Colorado, fl ows north-northeast through the metropolitan area of Denver, and then fl ows east-northeast across the rural eastern plains of Colorado toward its confl uence with the North Platte River in western Nebraska (Fig. 1) . Th e climate is semiarid with average annual precipitation ranging from approximately 30.5 to 48.3 cm per year for the period from 1930 (National Oceanic and Atmospheric Administration, 2003 , primarily in the form of spring and summer rain showers (Bjorklund and Brown, 1957) . Surface-water fl ow in the South Platte River downstream from Denver, Colorado is a combination of snowmelt runoff from the Rocky Mountain Front Range, precipitation runoff from tributaries originating on the eastern plains of Colorado, Wyoming, and Nebraska, irrigation return fl ow, and wastewater-treatment plant discharge from metropolitan areas. Natural vegetation in the study area is sparse, with grasslands in the upland terraces away from the river and phreatophytes such as cottonwoods and willows in the lowland fl oodplain areas adjacent to the river.
An extensive and productive unconfi ned alluvial aquifer composed of upper Pleistocene to upper Holocene gravel, sand, and clay deposits is present along the main stem of the South Platte River and its tributaries (Bjorklund and Brown, 1957; Smith et al., 1964) . In general, ground-water fl ow in the South Platte alluvial aquifer is toward the river following topography and in the direction of streamfl ow (Hurr and Schneider, 1972) , although pumping from irrigation wells and leakage from diversion ditches can cause local fl uctuations in ground-water fl ow directions (James Collins, U.S. Geological Survey, personal communication, 2007) . Recharge to the alluvial aquifer is from incident precipitation, surface-water fl ow, agricultural irrigation, leakage from surface-water diversion ditches, and underlying bedrock aquifers. Ground water discharges from the alluvial aquifer to surface water, pumping wells, evapotranspiration, and underlying bedrock aquifers.
Land use in the study area is primarily agricultural and rural residential. Agricultural activities include irrigated crops of corn, alfalfa, and row vegetables; cattle grazing; cattle feed lots; and non-irrigated winter wheat. Availability of South Platte River surface water has made agriculture an important industry in the lower South Platte River valley since the late 19th century (Nadler and Schumm, 1981) . Crop irrigation from diversion ditches began in the late 1800s, and by 1897 irrigation had raised the water table in late summer so that the streamfl ow in the South Platte River changed from intermittent to perennial (Nadler and Schumm, 1981) . Pumping from the alluvial aquifer developed during droughts of the 1930s and 1950s (Hurr et al., 1975) , and by 1969, state laws were enacted to regulate pumping so it would not cause material injury to senior surface-water rights (MacDonnell, 1988) . In response to recent regional drought con- 
Methods

Well Selection and Construction
Ground-water samples were collected from two NAWQA ground-water monitoring-well networks installed in the alluvial aquifer of the lower South Platte River valley. Th e 30-well agricultural land-use network sampled in 1994 was sampled again in 2002 by this study (Table 1) . Monitoring-well locations for the agricultural land-use study were originally selected using a computerized technique that generated randomly distributed potential sampling locations in the land-use areas of interest (Scott, 1990) . Land-owner permission was sought to install water-quality monitoring wells or sample existing wells as close as possible to the computer-generated sites (Bruce and McMahon, 1998) . All of the agricultural land-use wells are constructed of 5-cm-diam. polyvinyl chloride (PVC) with less than 5-m- long screened intervals completed at or just below the water table (Table 1) . Well construction and documentation methods for wells sampled under the NAWQA program are described in Lapham et al. (1995) , and well construction details for the South Platte agricultural land-use wells are presented in Bruce and McMahon (1998) . Th e fl ow-path monitoring network consisting of 15 wells and two surface-water sites was sampled in 1993 and again in 2004 by this study (Table 1) . Flow-path wells are completed at multiple depths in fi ve clusters along two ground-water fl ow paths that represent generalized fl ow paths from upland terraces toward the river (Fig. 2) . Flow-path monitoring wells are constructed of 5-cm-diam. PVC with short screened intervals (Table 1) .
Sample Collection and Analysis
Monitoring wells were purged and sampled with a Grundfos submersible pump located near the top of the well screen. Well purging continued until three or more casing volumes of water were removed from the well and fi eld parameters of pH, temperature, specifi c conductance, and dissolved oxygen stabilized. Field parameters were measured with calibrated fi eld meters in a fl ow-through chamber isolated from the atmosphere. Water samples were analyzed for a variety of dissolved constituents including physical properties, major ions, nutrients, trace elements, dissolved organic carbon, and pesticides. Samples from the agricultural land-use network additionally were analyzed for the ratio of Samples from the fl ow-path network additionally were analyzed for major dissolved gases as an indication of recharge temperature and chlorofl uorocarbons (CFCs) to estimate apparent ground-water age. To minimize the eff ects of seasonal variation, samples from a given well were collected within the same season during both monitoring periods (Table  1) . Well purging, sample collection, fi eld measurements, and equipment cleaning methods followed standard USGS and NAWQA protocols (U.S. Geological Survey, variously dated; Koterba et al., 1995; Lapham et al., 1995) .
Samples for analysis of major ions, trace elements, nutrients, dissolved organic carbon, and pesticides were collected and analyzed at the USGS National Water-Quality Laboratory in Lakewood, CO, using standard methods (Brenton and Arnett, 1993; Faires, 1993; Fishman, 1993; Zaugg et al., 1995; Sandstrom et al., 2001; Patton and Kryskalla, 2003) . Alkalinity was determined by titration in the fi eld at the time of sample collection (Rounds and Wilde, 2001) . Samples for nitrogen isotope ratios were analyzed at the USGS Reston Stable Isotope Laboratory in Reston, VA, using continuous fl ow isotope ratio mass spectrometry after bacterial denitrifi cation of the sample into nitrous oxide (Sigman et al., 2001; Casciotti et al., 2002; Coplen et al., 2004 ; http://isotopes.usgs.gov/Quality.htm#samples [verifi ed 30 June 2008]). Samples for major dissolved gases (methane, carbon dioxide, nitrogen, oxygen, and argon) were collected in 160-mL serum bottles using butyl rubber stoppers with no headspace and were analyzed using gas chromatography at the USGS CFC Laboratory in Reston, VA (http://water.usgs.gov/lab/dissolvedgas/lab/analytical_procedures/ [verifi ed 30 June 2008] 
Data Analysis
Apparent recharge temperature and ground-water age were estimated for fl ow-path wells for both sampling cycles using the concentrations of dissolved gases and CFCs in water samples. Th e concentrations of dissolved gases argon and nitrogen were used to estimate water temperature at the time of recharge (recharge temperature), excess air, and excess nitrogen gas concentrations (Ed Busenberg, U.S. Geological Survey, written communication, 2005) . Apparent recharge temperature was used along with the concentrations of CFC-12 and CFC-113 to compute apparent ground-water age using the piston-fl ow model (Busenberg and Plummer, 1992) . Concentrations of CFC-12 and the piston-fl ow model were used to estimate apparent age for 8 of the 12 fl ow-path samples from 2004 ( Table 2) . Concentrations of CFC-113 and the pistonfl ow model were used to estimate apparent age for three fl owpath samples with possible CFC-12 contamination (Table 2 ) (Ed Busenberg, U.S. Geological Survey, written communication, 2004) . No apparent age could be determined for the 2004 sample from well S-3 because of excessive nitrogen gas concentration (Ed Busenberg, U.S. Geological Survey, writ-ten communication, 2005) . Apparent ground-water ages for the 1993 fl ow-path samples presented in Table 2 assume a recharge temperature of 10°C (McMahon and Böhlke, 1996) .
Non-parametric statistical methods were used to compare nitrate and pesticide ground-water concentrations from the two sampling cycles. Non-parametric methods are appropriate for use with water-quality data sets that are censored as a result of laboratory analytical detection limits (Helsel, 2005) . Th e Wilcoxon signed-rank test for paired samples (Mendenhall and Sincich, 1992; Helsel and Hirsch, 2002 ) was used to determine diff erences between data sets for the two study periods with a p-value of less than 0.10 indicating a statistically signifi cant difference at the 90% confi dence level (Helsel, 2005) .
Pesticide concentration data sets were censored to allow application of the Wilcoxon signed-rank test. Pesticide concentrations reported as non-detections were assigned a single value equal to one-half of the minimum estimated detection for all samples in the data set for the given compound (Helsel, 2005) . Th is censoring method preserves all of the information provided by the laboratory and recognizes that estimated values are greater than true non-detections for the Wilcoxon signed-rank test (Bexfi eld, 2008) . As discussed in detail by Bexfi eld (2008), pesticide concentration data for the South Platte ground-water monitoring networks were corrected for temporal variation in laboratory spike recovery. Th e nitrate concentration data sets did not require censoring or corrections.
Results and Discussion
Analytical results for all ground-water samples collected by NAWQA studies in the South Platte River basin are available on the USGS National Water Information System (NWIS) website ( 
Ground-Water Quality and Age along Flow Paths
Although river channel and alluvial aquifer geometry vary along the valley, fl ow conditions observed in the fl ow-path study area are representative of the area around Greeley, CO, and provide a conceptual model of ground-water fl ow conditions in the alluvial aquifer. Th e fl ow-path wells are nested within the agricultural land-use study (Fig. 1) such that fl ow and transport processes observed along these generalized fl ow paths can be related to ground-water conditions and processes occurring in the agricultural land-use study area.
Dissolved-oxygen concentrations less than 2 mg L −1 in the presence of a nitrate source are considered indicative of nitratereducing conditions (Knowles, 1982; Böhlke et al., 2007) , and denitrifi cation in fl oodplain deposits was previously identifi ed as a mechanism for reducing nitrate load to the South Platte River in the fl ow-path study area (McMahon and Böhlke, 1996) . Th e present study also observed low nitrate and dissolved-oxygen concentrations and the presence of excess nitro- gen gas in downgradient wells completed in fl oodplain deposits ( Fig. 3a and 3b , Table 2 ). Th ese results indicate denitrifi cation is an ongoing process in riparian areas near the river that can serve as an important natural mitigation mechanism for nitrate in the South Platte alluvial aquifer. Because low dissolvedoxygen concentrations (less than 2 mg L −1 ) were also observed in some agricultural land-use wells, the consideration of oxidation/reduction (redox) conditions is important for assessing nitrate and pesticide concentration trends for the agricultural land-use study. Apparent ground-water age (time since recharge) is related to aquifer fl ow conditions such as distance along a fl ow path and depth below the water table. Apparent ground-water ages for 1993 and 2004 consistently show the youngest water in the upgradient water-table wells and the oldest water at downgradient wells in the discharge area. In 1993, apparent ground-water ages ranged from 4 (well E-3) to 8 yr (well W-3) for upland water-table wells ( Fig. 3A and Table 2 ) and apparent ages ranged from 12 (well R-1) to 25 yr (well D-1) for downgradient wells. In 2004, apparent ground-water ages for the upland water-table wells ranged from 12 to 14 yr and downgradient apparent ages ranged from 16 (well R-2) to 31 yr (well D-1). Th ere was also an increase in apparent ages with depth below the water table along the eastern fl ow path ( Fig. 3a and  3b) . However, at the W cluster of the western fl ow path, apparent ages were similar at all sampled depths during both sampling cycles indicating the ground water is well mixed at this location. In general, apparent ages from the 2004 samples were older than those from the 1993 samples. Apparent groundwater ages at the downgradient discharge areas along the South Platte River indicate total travel times from upland recharge areas in the range of 12 to 31 yr ( Fig.  3a and 3b , Table 2 ) with the oldest ages occurring at the downgradient terminus of the longer (eastern) fl ow path.
Nitrate Results for Agricultural Land-Use Wells
Nitrate was detected in every agricultural land-use well during both sampling cycles. In 1994, nitrate concentrations ranged from 0.15 to 52 mg L −1 with a mean of 13 mg L −1 and a median of 9.4 mg L −1 (Fig. 4) . Th e 10 mg L −1 MCL was exceeded in 14 of 30 samples in 1994. In 2002, nitrate ranged from 0.22 to 48 mg L −1 with a mean of 16 mg L −1 and a median of 10 mg L −1 (Fig. 4) . Th e 10 mg L ) is statistically significant (p-value = 0.01 for a onesided Wilcoxon signed-rank test).
Because fl ow-path results indicate redox conditions (represented by dissolved-oxygen concentrations) aff ect nitrate concentrations via denitrifi cation, the nitrate concentrations for agricultural land-use wells are categorized with respect to dissolved-oxygen concentrations. In 1994, dissolved-oxygen concentrations ranged from 0.1 to 6.9 mg L −1 , with a mean of 3.3 and a median of 3.7 mg L −1 (Fig.  5) . In 2002, dissolved-oxygen concentrations ranged from 0.20 to 7.8 mg L −1 , with a mean of 3.1 mg L −1 and a median of 3.3 mg L −1 (Fig. 5) . Eleven of 30 dissolved-oxygen values were below 2 mg L −1 in 1994 and 12 of 29 values were below 2 mg L −1 in 2002 indicating denitrifi cation could be aff ecting nitrate concentrations at approximately 40% of the sampling locations. Th ere was not a signifi cant diff erence in dissolved-oxygen concentrations between the two sampling cycles.
Th e diff erences in nitrate concentrations from 1994 to 2002 for agricultural land-use wells are considered separately for oxidized and reduced samples based on 2002 dissolvedoxygen concentrations greater than and less than 2 mg L −1 , respectively (Fig. 6) . In 1994, the nitrate concentrations for oxidized samples (n = 17) ranged from 2.1 to 28 with a mean of 13 mg L −1 and a median of 14 mg L −1 compared to nitrate concentrations for reduced samples (n = 12), which ranged from 0.15 to 28 mg L −1 with a mean of 8.7 mg L −1 and a median of 6.8 mg L for reduced samples. Th ere was not a signifi cant diff erence in nitrate concentration from 1994 to 2002 for reduced samples, but there was a signifi cant nitrate concentration increase for oxidized samples. Th e diff erence between nitrate results for oxidizing and nitrate-reducing conditions is an important fi nding for interpretation of ground-water-quality trends in the South Platte alluvial aquifer. Temporal diff erences in nitrate concentrations, in this case an increase, are more apparent for samples from locations where nitrate is transported conservatively under oxidizing conditions. Th e data also suggest that in riparian and fl oodplain areas where nitrate-reducing conditions are present, denitrifi cation processes are naturally mitigating nitrate concentrations, which in turn reduces the nitrate load to the South Platte River from ground-water discharge (McMahon and Böhlke, 1996) .
Nitrate Sources
Sources of nitrate to the alluvial aquifer could include atmospheric deposition, synthetic fertilizers, and manure fertilizer. Figure 7 shows crop production and nitrogen input summed for the four Colorado counties in the South Platte agricultural land-use area (Weld, Logan, Morgan, and Sterling counties) from Ruddy et al. (2006) . Total nitrogen input from synthetic and manure fertilizers for the four counties is on the order of 30 to 50 million kg yr −1 for the period from 1980 to 2000, while nitrogen input from atmospheric sources is on the order of 5 million kg yr −1 for the period from 1985 to 2005. Th ere is an overall increase of nitrogen input for both synthetic and manure fertilizers over the period of record until 2002, with the increase in synthetic fertilizer generally paralleling the increase in corn production, and the increase in manure fertilizer generally paralleling the increase in cattle production (Fig. 7) . Corn and cattle production have decreased since 2000 and 2002, respectively, likely owing to the regional drought and associated decrease in available irrigation water. Th e decrease in agricultural production is refl ected as a decrease in total nitrogen input from synthetic fertilizers since 2000. Th ese results indicate synthetic and manure fertilizer application rates were on the same order of magnitude over the period of record and that both sources of nitrogen far exceed atmospheric sources of nitrogen. Th e data also show the increase in agricultural output of cattle and corn in the South Platte River basin since the 1950s that has resulted in elevated ground-water concentrations of nitrate and pesticides in the alluvial aquifer. Ground-water age data from the fl ow-path study indicate water-table ground-water ages on the order of 4 to 12 yr, so the decline in agricultural production since 2000 would likely not be refl ected in ground-water samples collected in the early 2000s.
Detailed land-use mapping for the 500-m-radius buff er surrounding agricultural land-use wells was summarized for the two sampling cycles by calculating percentages of each land use category. Irrigated corn crops were the predominant land use in the 500-m buff ers surrounding the wells, followed by alfalfa hay and beef livestock. Corn was planted on approximately 33% of the land within the 500-m buff ers during 1994, and Th e ratio of 15 N to 14 N (δ 15 N) can be used to indicate the dominant source of nitrate in ground water because many nitrate sources have distinct isotopic signatures (Kendall, 1998; USEPA, 2004; Seiler, 2005) . Kendall (1998) (Kendall, 1998) .
Sources of nitrate in the South Platte alluvial aquifer were investigated using stable isotopes of nitrogen in nitrate. Only samples with dissolved-oxygen concentrations greater than 2 mg L −1 were considered to eliminate the eff ects of denitrifi cation on δ N values greater than +10‰. Th ere was a subtle but significant increase in the δ 15 N values for oxidizes samples from 1994 to 2002 (p-value = 0.01 for a one-sided Wilcoxon signed-rank test), which could be caused by an increase in the percentage of manure fertilizer, changes in the isotopic composition of the applied fertilizer, changes in irrigation practices, or changes in redox state. Th e nitrogen isotopic signature range for soil nitrogen overlaps that of synthetic fertilizer making it diffi cult to clearly identify nitrogen sources for three samples. Crop types in the 500-m buff ers surrounding three wells with δ 15 N values less than +5‰ in both 1994 and 2002 (wells 6, 20, and 30) indicate irrigated agriculture is ongoing at these locations implying natural soil nitrogen has been previously removed from the system by irrigation, and synthetic fertilizers are the likely predominant source of nitrate at these locations.
Pesticides in Agricultural Land-Use Wells
During both study cycles, pesticides (a generic term for herbicides, insecticides, and rodenticides) were detected in all of the fl ow-path wells and all but one of the agricultural landuse wells. Th e most frequently detected pesticide compounds were atrazine, DEA, prometon, metolachlor, and simazine (Table 3) .
Th e herbicide atrazine and its chlorinated degradate, DEA, were the most commonly detected pesticide compounds during both sampling cycles of the agricultural land-use study. In 1994, the maximum censored atrazine concentration was 1.8 μg L −1 , and the median was 0.16 μg L −1 (Fig. 9) . In 2002, the maximum censored atrazine concentration was 1.7 μg L −1 , and the median was 0.07 μg L −1 . All atrazine concentrations were less than the MCL of 3 μg L −1 . Th ere was a signifi cant decrease in atrazine concentrations from 1994 to 2002 (mean of 0.25 μg L −1 and median of 0.09 μg L −1 with a p-value < 0.01 for a one-sided Wilcoxon signed-rank test). Spatially, the atrazine concentration decrease occurred throughout the study area except at well 3 where there also was a substantial increase in nitrate and pesticide concentrations. Th e atrazine degradate DEA showed a pattern similar to that of atrazine for the agricultural land-use wells. Th e maximum censored DEA concentration in 1994 was 2.1 μg L −1 with a median of 0.20 μg L with a median of 0.14 μg L −1 (Fig. 9 ). Th ere also was a signifi cant decrease in DEA concentrations 152,000 kg yr −1 occurred in 1999. Th e limited availability of pesticide-use data precludes relating pesticide use to groundwater-quality trends in the South Platte River basin. Th ere was a nationwide reduction in atrazine application rates during the early 1990s (USEPA, 2003) , which could possibly explain the overall decrease in atrazine and DEA concentrations observed in the South Platte alluvial aquifer.
Th e agricultural land-use ground-water concentrations of atrazine and DEA were examined in more detail to possibly identify processes controlling their concentrations in the South Platte alluvial aquifer. Th e continued presence of DEA in ground water implies atrazine degradation is contributing to the ground-water atrazine concentration decrease, and the ratios of DEA to atrazine concentration for 1994 and 2002 are, in general, greater than 1 for most samples from both sampling events (Fig. 10) . Th ere was a signifi cant increase (p-value < 0.01 for a two-sided Wilcoxon signed-rank test) in the mole ratio of DEA to atrazine from 1994 (mean of 3.5 and median of 2.4) to 2002 (mean of 6.9 and median of 4.7) implying atrazine degradation increased from 1994 to 2002. Because redox conditions can aff ect pesticide degradation (Kolpin et al., 1996) , and redox conditions have aff ected nitrate concentrations and nitrogen isotope ratios in the study area, the distribution of DEA to atrazine ratios for oxidizing and reduced samples were also considered separately. Ratios of DEA to atrazine were greater for oxidized samples than for reduced samples in 1994 and 2002 (Fig. 10) indicating atrazine degradation to DEA is promoted by oxidizing conditions (Kolpin et al., 1996) .
Conclusions
Th e lower South Platte River basin of eastern Colorado and western Nebraska is an area of intense agriculture supported by surface-water diversions from the river and ground-water pumping from a valley-fi ll alluvial aquifer. Th e high hydraulic conductivity of the alluvial aquifer, the lack of an overlying confi ning layer, and a shallow water table make the South Platte alluvial aquifer vulnerable to the eff ects of overlying agricultural land use. Two ground-water monitoring-well networks completed in the alluvial aquifer in the early 1990s were sampled again from 2002 to 2004 to evaluate changes in water quality in the agricultural area over a near-decadal time span. A 30-well agricultural land-use network sampled in 1994 (Bruce and McMahon, 1998 ) and a 15-well fl ow-path monitoring network sampled in 1993 (McMahon and Böhlke, 1996) were sampled Ground-water characterization along two fl ow paths provides a conceptual model for ground-water fl ow conditions at other locations in the valley. Th e alluvial aquifer is composed of unconsolidated sand and gravel with minor amounts of clay. Ground-water fl ow generally is from irrigated fi elds on upland terraces toward the South Platte River and alluvial aquifer fl oodplain deposits. Nitrate and pesticides were detected in wells along the two fl ow paths owing to agricultural land use in the area. In general, ground-water age increases and dissolved-oxygen content decreases with distance along fl ow paths and with depth below the water table. Th e youngest and most oxidized water occurs in upland terrace areas and the older and most reduced water occurs in downgradient fl oodplain and riparian areas. Total ground-water travel time from upland areas to the river ranges from 12 to 31 yr based on apparent groundwater ages. Flow-path study results from the two time periods also indicate denitrifi cation is an ongoing natural mitigation mechanism for nitrate in the South Platte alluvial aquifer. Where present, nitrate-reducing conditions lower groundwater nitrate concentrations and subsequent nitrate loads to the South Platte River (McMahon and Böhlke, 1996) .
Despite the presence of nitrate-reducing conditions (defi ned as dissolved-oxygen concentrations less than 2 mg L −1 ) in approximately 40% of the agricultural land-use wells, there was an overall signifi cant increase in alluvial aquifer nitrate concentrations between the two sampling cycles. Separating oxidized and reduced samples, the signifi cant increase in nitrate concentrations occurred in oxidized agricultural land-use samples from 1994 to 2002, but there was not a signifi cant diff erence in nitrate concentrations for reduced samples. Th ese results indicate redox conditions should be considered when evaluating temporal diff erences in redox-sensitive constituents such as nitrate for the South Platte alluvial aquifer. Consistent with fl ow-path results, the agricultural-land use study results also suggest that where reducing conditions are present, denitrifi cation processes are naturally mitigating nitrate concentrations.
Th e increase in ground-water nitrate concentrations in oxidized parts of the South Platte alluvial aquifer is attributed to the continued increase of corn and cattle production in the area since the 1950s. Synthetic and manure fertilizer application rates increased in parallel with agricultural production until 2000 when the aff ects of a regional drought were seen as a decline in agricultural output from the basin. Nitrogen isotope ratios for samples with dissolved-oxygen concentrations greater than 2 mg L −1 indicate synthetic fertilizers are the predominant source of nitrate to ground water.
Ground-water concentrations of the agricultural pesticides atrazine, DEA, and prometon decreased in the South Platte River alluvial aquifer over the period from 1994 to 2002. Results for the pesticides metolachlor and simazine were inconclusive because of infrequent detections and detections below the laboratory reporting levels. Available pesticide-use data are sparse and preclude developing relations between pesticide use and ground-water quality trends. Land-use mapping within the 500-m radius of agricultural land-use wells indicates an increase in irrigated corn agriculture in proximity to the wells, consistent with observed increases in nitrate ground-water concentrations, and inconsistent with the observed decreases in atrazine and DEA ground-water concentrations. Th e observed decreases in atrazine and DEA ground-water concentrations in the South Platte alluvial aquifer suggest possible declines in local atrazine application rates and/or pesticide degradation. Th e persistence of DEA in ground water and the increase in the DEA to atrazine mole ratio between 1994 and 2002 indicates atrazine degradation is likely contributing to the observed atrazine concentration decrease. Th e DEA to atrazine mole ratio was greatest for oxidized samples further suggesting atrazine degradation to DEA is promoted by oxidizing conditions. Th e diff erence between results for oxidizing and nitratereducing conditions is an important fi nding for interpretation of ground-water-quality trends in the South Platte alluvial aquifer. Th ere was a signifi cant increase in nitrate concentrations for oxidized agricultural land-use samples from 1994 to 2002, but there was not a signifi cant diff erence for reduced samples. Results from sampling both the fl ow-path and agricultural land-use networks indicate denitrifi cation is an important mitigation mechanism reducing nitrate concentrations in the alluvial aquifer and in discharge to the South Platte River. Similarly, nitrogen isotope ratios and pesticide degradation appear aff ected by redox conditions. Nitrogen isotope ratios were shifted positively for reduced samples, and atrazine degradation is promoted by oxidizing conditions. Th ese results indicate redox state is an essential variable to consider when evaluating temporal diff erences in redox-sensitive constituents such as nitrate and pesticides for the South Platte alluvial aquifer.
